Single-stranded DNA (ssDNA) and RNA regions that include at least four closely spaced runs of three or more consecutive guanosines strongly tend to fold into stable G-quadruplexes (G4s). G4s play key roles as DNA regulatory sites and as kinetic traps that can inhibit biological processes, but how G4s are regulated in cells remains largely unknown. Here, we developed a kinetic framework for G4 disruption by DEAH-box helicase 36 (DHX36), the dominant G4 resolvase in human cells. Using tetramolecular DNA and RNA G4s with four to six G-quartets, we found that DHX36-mediated disruption is highly efficient, with rates that depend on G4 length under saturating conditions (k cat ) but not under subsaturating conditions (k cat /K m ). These results suggest that a step during G4 disruption limits the k cat value and that DHX36 binding limits k cat /K m . Similar results were obtained for unimolecular DNA G4s. DHX36 activity depended on a 3 ssDNA extension and was blocked by a polyethylene glycol linker, indicating that DHX36 loads onto the extension and translocates 3-5 toward the G4. DHX36 unwound dsDNA poorly compared with G4s of comparable intrinsic lifetime. Interestingly, we observed that DHX36 has striking 3-extension sequence preferences that differ for G4 disruption and dsDNA unwinding, most likely arising from differences in the rate-limiting step for the two activities. Our results indicate that DHX36 disrupts G4s with a conventional helicase mechanism that is tuned for great efficiency and specificity for G4s. The dependence of DHX36 on the 3-extension sequence suggests that the extent of formation of genomic G4s may not track directly with G4 stability.
Single-stranded DNA and RNA segments that include at least four closely-spaced runs of three or more consecutive guanosine nucleotides have a strong intrinsic propensity to fold into stable G-quadruplex structures (G4s) 2 (1) (Fig. 1A, top left) . The genomes of humans and many other eukaryotes are replete with putative G4-forming sequences, and pronounced, conserved patterns have been observed in their distribution, suggesting that G-quadruplex structures form at least transiently in cells and perform conserved functions (2) (3) (4) (5) (6) . Supporting this hypothesis, G4s have been detected in cells for both DNA and RNA (7) (8) (9) (10) (11) .
To function as regulatory elements, G4s must be folded and disrupted in a regulated way. In addition, processes that require single-stranded DNA or RNA, such as replication and translation, require that G4s be temporarily disrupted. The high stability and long intrinsic lifetime of G4s suggest that their efficient disruption requires the activity of ATP-dependent enzymes such as helicases. Supporting this view, incorporation of sequences predicted to form particularly stable G4s leads to genetic instability in yeast, suggesting that these G4 structures are not processed efficiently and pose blocks to replication (12) . Indeed, several helicases have been shown to possess G4 disruption activity (13) . Although some of these helicases associate specifically with molecular machines such as the replisome, the DEAH/RHA family helicase DHX36 (also known as RHAU and G4R1) is of particular interest for general G4 disruption activity because it is highly expressed, comprises the bulk of the DNA G4 disruption activity in a human cell lysate, and is one of only two helicases known to disrupt RNA G4s (14 -16) . DHX36 has been implicated as a regulator of RNA folding and assembly (17, 18) , RNA localization, translation (19) , pre-mRNA processing (20) , and transcription (21) , most simply suggesting that it functions in both the cytoplasm and nucleus and interacts with both RNA and DNA G4s. Underscoring the importance of this protein and potentially G4s in vivo, DHX36 is an essential gene in mouse (22) (23) (24) .
Considerable progress has been made toward understanding how DHX36 targets and disrupts G4s. DHX36 can efficiently disrupt both intramolecular and tetramolecular G4s (17, 25, 26) . Disruption of a tetramolecular G4 DNA was shown to require ATP and a 3Ј-extension (25, 27) . The disruption rate was shown to be greater for a G4 with fewer G-quartets, suggesting that less stable G4s are disrupted more efficiently by DHX36 (26) . A small N-terminal domain directs DHX36 to G4s by binding specifically to these structures (28 -30) .
Nevertheless, important aspects of the mechanism of G4 disruption by DHX36 remain unknown. DEAH/RHA family helicases (abbreviated herein as DEAH family) typically use a translocation-based mechanism for unwinding DNA or RNA helices, a mechanism in which ATP drives directional motion along a sequestered single strand, displacing the complementary strand (31) . In contrast, a distinct family of helicase proteins known as DEAD-box proteins do not translocate but instead operate only on short helices, separating the strands by interacting directly with the dsRNA segment and using a single cycle of ATP-dependent conformational changes (31) (32) (33) (34) . Although the simplest model is that DHX36 would use the translocation-based, DEAH family mechanism in keeping with its family affiliation, G4s are sufficiently compact that a single ATP-dependent step might suffice for their disruption. Furthermore, the dependence of the G4 disruption rate on G4 stability, without a corresponding dependence of the ATPase rate on G4 stability, suggested that DHX36 may use a mechanism more reminiscent of DEAD-box proteins (26) .
Here, we explored further how DHX36 disrupts G4s by performing detailed steady-state and single-turnover kinetics experiments. We found that DHX36 disrupts tetramolecular DNA G4s using a conventional DEAH family mechanism involving loading onto ssDNA followed by directional translocation. DHX36 disrupts G4 structures with high efficiency, even attaining a limited measure of catalytic perfection, and it is highly evolved to recognize and disrupt G4s in preference to DNA duplexes. Interestingly, the binding properties of DHX36 depend significantly on sequence features in the 3Ј-extension, raising the possibility of biological specificity for G4s that depends on both the sequence and accessibility of singlestranded DNA immediately 3Ј of the G4 structure.
Results

Kinetic analysis of tetramolecular DNA G4 disruption by DHX36
To probe how DHX36 disrupts DNA G4s, we built on a tetramolecular G4 system developed previously (26) . Tetramolecular G4s are attractive models for monitoring DHX36 activity because they predominantly adopt the parallel conformation (26, 35, 36) , which is preferentially recognized by the N-terminal domain of DHX36 (30) . In addition, tetramolecular G4s form slowly (37) , allowing their disruption to be monitored by an electrophoretic mobility shift assay without the need for a "chase" oligonucleotide to prevent G4 reformation (14, 26, 38) (Fig. 1, A and B) .
Prior work (26) showed that with a single set of protein and G4 concentrations (with 40-fold excess DNA G4 over DHX36), the steady-state G4 disruption rate by DHX36 was decreased by increasing the number of G-quartets in the G4 substrate. To probe G4 disruption by DHX36 further, we systematically varied the concentrations of an analogous series of G4s across saturating and subsaturating regimes. Consistent with the previous report, we found that DHX36-mediated disruption depended on ATP ( Fig. 1C and Fig. S1 ) and that the k cat values decreased as the number of G-quartets increased, from 36 min Ϫ1 for a G4 with four quartets to 0.6 min Ϫ1 for a G4 with six quartets (Fig. 1C ). The maximal rates are smaller for G4 structures with more G-quartets, presumably because these G4s are more stable ( Fig. S2 and Table S1 ).
On the other hand, calculation of the k cat /K m values from hyperbolic fits of the data in Fig. 1C suggested that this parameter does not depend strongly on G4 length from four to six G-quartets (ϳ2 ϫ 10 8 M Ϫ1 min Ϫ1 ). To probe the process further under subsaturating conditions, we carried out singleturnover experiments by varying the DHX36 concentration in the presence of a trace amount of radiolabeled G4 substrate ( Fig. 1D and Fig. S3 ). The second-order rate constants were similar to the values from the steady-state experiments, and there was at most a very small dependence on G4 length (Fig.  1E ). The relative insensitivity of the k cat /K m value to G4 length suggests that the G4 is not disrupted in the rate-limiting transition state under these subsaturating conditions, most simply suggesting that DHX36 binding limits the reaction rate under subsaturating conditions. These results imply that once bound under these conditions, DHX36 disrupts the G4 more frequently than it dissociates non-productively. To test this idea directly, we pre-bound DHX36 to the same series of radiolabeled G4s and then added ATP together with an excess of unlabeled chase G4 substrate. As expected, we observed rapid bursts of G4 disruption for all three substrates, consistent with rate-limiting binding, and the magnitude of the bursts did not depend systematically on the 
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number of G-quartets (Fig. S4 ). The bursts were incomplete, perhaps reflecting that some of the DHX36 protein is inactive for G4 disruption or that nucleotide-free DHX36 dissociates more rapidly than ATP-bound protein. Thus, in the ATPbound form, DHX36 is partially or fully committed to G4 disruption without dissociating from these substrates.
For comparison, we also measured the single-turnover and steady-state disruption by DHX36 of a comparable tetramolecular RNA G4, r5G-A 15 (Fig. S5, A and B) . The levels of activity in both the saturating and subsaturating regimes were similar to those for the DNA, with a small increase in the k cat /K m value, probably due to faster binding of DHX36, and a modest decrease in k cat value (ϳ2.6-fold less), most likely reflecting that the RNA G4 is more stable than its DNA counterpart ( Fig.  S2, A and B) .
Disruption of unimolecular G4s by DHX36
To extend our analysis and to test the generality of ratelimiting DHX36 binding for G4 disruption, we investigated unimolecular DNA G4s, which are more likely to be encountered by DHX36 in vivo. To modulate the stability of the G4, we included loop sequences of one or two T nucleotides (TTA (G 3 T) 3 G 3 -A 15 and TTA(G 3 TT) 3 G 3 -A 15 ). Previous work showed that the G4 with single-nucleotide loops is highly stable and adopts the parallel topology (39, 40) , whereas the G4 with twonucleotide loops is less stable and adopts primarily the parallel topology (39) . We monitored disruption of the unimolecular G4s by trapping the unfolded G4 with a chase oligonucleotide complementary to the G4-forming region ( Fig. 2A ).
We first measured unfolding of the unimolecular G4s in the absence of DHX36. As expected from previous results, a G4 construct with 1-nt loops unfolded much slower than the construct with 2-nt loops (ϳ100-fold, Fig. 2B ). We then performed DHX36-mediated disruption assays by varying the DHX36 concentration under subsaturating, single-turnover conditions as above ( Fig. 2B) . Interestingly, we observed robust disruption, with similar k cat /K m values for these two unimolecular constructs (ϳ1.0 ϫ 10 9 M Ϫ1 min Ϫ1 ), despite their large difference in intrinsic unfolding rates (Fig. 2, B and C) and their large stability difference ( Fig. S6 and Refs. 39 and 41). The lack of dependence of the k cat /K m value on G4 stability suggests that DHX36 binding limits the rate of disruption for these unimolecular G4s under subsaturating conditions. The k cat /K m values were ϳ5-fold larger than those for the tetramolecular G4s with the same A 15 extension, suggesting that DHX36 is able to bind faster to these unimolecular constructs. We tested whether this difference was due to an inhibitory effect of the four A 15 extensions in the tetramolecular G4 substrate by measuring disruption of a tetramolecular G4 in which three of the extensions were shorter (A 3 ), whereas only one was A 15 . The k cat /K m value for DHX36-mediated disruption of this construct was 1.5 ϫ 10 8 M Ϫ1 min Ϫ1 (Fig. S7 ), essentially unchanged from the standard tetramolecular construct. Thus, there is not a large effect of changing the number of 3Ј-extensions, and the somewhat faster binding to the unimolecular constructs may reflect more efficient interactions with the G4 structure or with the loops that connect the G runs.
Efficient DHX36 activity requires a single-stranded 3extension of greater than 5 nucleotides
We next examined the dependence of G4 disruption by DHX36 on the length of the single-stranded 3Ј-extension. A distinguishing feature of DEAH family helicases is that they typically require such an extension because the protein loads onto the single-stranded segment and then translocates 3Ј-5Ј for helix unwinding. It was shown recently that DHX36 indeed requires a 3Ј-extension for efficient G4 disruption (27, 42) . However, little is known about the dependence of G4 disruption efficiency on the length of this 3Ј-extension, and the mechanistic origin of this requirement has not been systematically explored.
Therefore, we varied the length of the 3Ј-extension from 3 to 25 nt (A 3 to A 25 ) on tetramolecular G4s and measured singleturnover G4 disruption rates ( Fig. 3 ). We observed robust G4 disruption for substrates with 25-and 15-nt extensions, with no significant difference between them. There was only a small reduction in second-order rate constant for a 10-nt extension. However, activity was not detected for extensions of 3 or 5 nt (Ͻ1 ϫ 10 5 M Ϫ1 min Ϫ1 ). The requirement for the extension to be ϳ10 nt for optimal activity is consistent with a model in which its role is in loading of the helicase core, as a crystal structure of the related helicase MLE suggests a binding region for singlestranded nucleotides of approximately this length (43) .
Using the single-turnover G4 disruption assay, we also tested whether a 5Ј-extension influences DHX36 activity. For a DNA The plot shows observed rate constants versus DHX36 concentration for disruption of G4s with varying 3Ј-extension lengths in single-turnover reactions. Substrates and their measured second-order rate constants were: 5G-A 25 
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G4 substrate that included A 15 at the 3Ј end, we observed no effect of adding a 5Ј A 15 extension (Fig. S8 ). As expected from previous results, we observed no DHX36 activity for a G4 lacking the 3Ј-extension, regardless of the presence or absence of a 5Ј-extension. The requirement for a 3Ј-extension and lack of dependence on a 5Ј-extension are also consistent with the general properties of DEAH family helicases and inconsistent with the properties of DEAD-box helicases, which do not require single-stranded extensions for productive interactions (31) .
Translocation from the 3-extension is required for G4 disruption by DHX36
To directly test the hypothesis that DHX36 loads onto the 3Ј-extension and disrupts G4 structures by translocating in the 3Ј-to-5Ј direction, we introduced a polyethylene glycol (PEG) linker region between the 3Ј-extension and the G4 (Fig. 4A ). We found that an 18-atom hexaethylene glycol linker (sp 18 ) or a shorter 9-atom linker (sp 9 ) completely blocked detectable DHX36-mediated G4 disruption, most likely by blocking translocation of DHX36 ( Fig. 4B ). To test whether the PEG linker instead prevented loading of DHX36, we measured the ability of the G4 with the PEG linker to inhibit DHX36-mediated disruption of an unmodified G4 substrate. Indeed, we found that the G4 with the PEG linker is a robust inhibitor ( Fig. 4C ), eliminating the possibility that the PEG linker prevents DHX36 loading and indicating that DHX36 uses directional translocation to disrupt G4s.
Together, the results here and in the preceding sections indicate that DHX36 uses a conventional DEAH family helicase mechanism to disrupt G4 structures by loading onto a singlestranded 3Ј-extension and then using ATP to translocate from 3Ј to 5Ј, disrupting the G4 in the process. This mechanism differs from a previous proposal that DHX36 uses a DEAD-boxlike mechanism (26, 42), which would imply disruption by direct binding of DHX36 to the G4 and the absence of DHX36 translocation. We find that the G4 disruption process is highly efficient, so much so that DHX36 binding to the 3Ј-extension limits the rate of disruption under subsaturating conditions.
Detectable but low DNA duplex unwinding activity by DHX36
We next investigated whether DHX36 possesses DNA duplex unwinding activity. We were interested in this question for two reasons. First, the findings that DHX36 uses a conventional DEAH family helicase mechanism to disrupt G4s suggests that it would have some duplex unwinding activity, as directional translocation along ssDNA would be expected to result in displacement of a complementary strand with at least some efficiency. Second, if DHX36 functions on DNA G4s in biology, they will likely be flanked by dsDNA, so we were interested to know whether DHX36 has the potential to unwind intervening dsDNA to reach a G4 structure.
To compare duplex unwinding and G4 disruption activities of DHX36 for substrates of comparable lifetime, we determined the intrinsic unwinding rates of DNA duplexes of varying lengths to identify a construct with a similar intrinsic lifetime as the G4 with five G-quartets (5G-A 15 ), used extensively in the experiments above. The spontaneous unwinding rate constant of a 20-bp helix with an A 15 3Ј-extension (Comp20-A 15 ) was similar to that for spontaneous unfolding of 5G-A 15 (1.5 (Ϯ0.3) ϫ 10 Ϫ4 min Ϫ1 and 5.6 (Ϯ0.7) ϫ 10 Ϫ4 min Ϫ1 , respectively, Fig. S9A) . Surprisingly, we were unable to detect DHX36 acceleration of unwinding of this 20-bp helix (Fig. S9B ). However, DHX36 showed detectable, albeit very weak unwinding activity of 15-and 20-bp duplexes that included a 3Ј-extension of T 15 instead of A 15 (Fig. 5, A and B) . DHX36-mediated unwinding of these duplexes gave k cat /K m values that depended only weakly on duplex length (2-4 ϫ 10 5 M Ϫ1 min Ϫ1 ) and were ϳ1000-fold lower than the second-order rate constants for disruption of G4 substrates. The apparent preference of DHX36 for a T 15 extension relative to A 15 is probed further below.
To test whether the low activity for duplex unwinding was an artifact arising from inhibition of DHX36 by binding to the chase oligonucleotide, we added up to 5 M of the same oligonucleotide to G4 disruption experiments. We observed no inhibition of the DHX36-mediated disruption activity of the G4 formed by 5G-A 15 (Fig. S9C) , ruling out sequestration of DHX36 in our duplex unwinding experiments.
To ask how the stability of the duplex impacts DHX36 unwinding activity, we also tested a 12-bp duplex with a T 15 extension (Fig. 5B) . DHX36 was inefficient for unwinding this 
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duplex, with no acceleration detected beyond the uncertainty generated by the significant intrinsic unwinding rate.
Together, our results indicate that DHX36 is highly specific for disrupting G4 structures and is inefficient at unwinding duplexes of comparable intrinsic lifetime. This preference is presumably due at least in part to the N-terminal domain of DHX36, which binds directly to G4s and is thought to direct DHX36 to these structures (29, 30) .
Efficiency of G4 disruption by DHX36 depends on the 3extension sequence
The observation above that DNA duplex unwinding by DHX36 was detectable with a substrate that includes a 3Ј-extension of T 15 but not A 15 led us to investigate the effect of 3Ј-extension sequence on G4 disruption. Extension sequences have been shown to influence equilibrium binding to G4 DNA structures (25, 27) , but potential effects of these sequences on G4 disruption kinetics have not been explored.
Therefore, we designed G4 substrates with five G-quartets and 15-nt 3Ј-extensions of varying sequence (Table S2 ). We first established that substrates with 3Ј-extensions of A 15 or T 15 had indistinguishable stabilities and lifetimes (Figs. S6 and S9A). We then measured DHX36-mediated G4 disruption of this series in single-turnover and steady-state assays (Fig. 6, A  and B) . We found that DHX36 is most active on G4s with A-rich extensions and least active on T-rich extensions, strikingly different from the results for duplex unwinding. Singleturnover experiments showed that the k cat /K m value decreased as Ts were introduced, with a 9-fold decrease for T 15 relative to A 15 (Fig. 6A and Table S2 ). A similar preference for A 15 over T 15 was observed for unimolecular DNA G4s (Fig. S10A ) and for A 15 over U 15 for tetramolecular RNA G4s (Fig. S10, B and C) . In the steady-state, the k cat value for the tetramolecular DNA G4 was also larger for A-rich extensions, with A 15 3Ј-extension resulting in the largest k cat value (Fig. 6B) . Although there was an overall correlation between the relative values of k cat and k cat /K m for a given substrate, the decrease in k cat value became prominent with fewer Ts than required for a comparable decrease in k cat /K m value (Fig. 6C ). Together these data suggest that the sequence of the 3Ј-extension plays an important role in governing the level of DHX36 activity on G4 structures.
A unified model for disparate effects of 3-extension sequence
The results above give what seems at first glance to be a perplexing set of effects of 3Ј-extension sequences for DHX36 disruption of G4s compared with unwinding of duplexes. For G4s, the greatest activity was observed with an A 15 extension, whereas T 15 was the preferred extension sequence for duplex unwinding. A simple model that reconciles these seemingly disparate results is that the two activities have two different ratelimiting steps for k cat /K m , such that a single set of underlying binding properties is manifest in different ways for the two different activities. Specifically, we considered a model in which DHX36 binding is rate-limiting for G4 disruption, due to the high efficiency of this process, whereas DHX36 binding is in rapid equilibrium for duplex unwinding because of a slow unwinding and/or fast dissociation (see "Discussion").
We tested three predictions of this model. First, we tested whether the G4 substrates with a T-rich tail bind DHX36 more tightly than the corresponding substrates with an A-rich tail despite being disrupted more slowly. Using a native gel shift approach, we found that the tetramolecular G4 substrate 
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5G-T 15 binds DHX36 with an apparent K d value of 60 pM, nearly 100-fold tighter than 5G-A 15 (Fig. 6D ). We observed comparable effects for RNA G4s (Fig. 6D ) and for unimolecular DNA G4s (Fig. S11) . The second prediction is that under conditions that dramatically slow the first-order steps of G4 disruption by DHX36, the rate-limiting step for k cat /K m could change from binding to G4 disruption. Under such conditions, the preference for an A 15 extension relative to a T 15 extension should be eliminated. To test this prediction, we decreased the ATP concentration to decrease the G4 disruption rate. Indeed, we found that the preference for A 15 was decreased and ultimately eliminated at low ATP concentrations (Fig. 6E ). Third, we tested whether a dependence of the k cat /K m value for G4 disruption on the number of G-quartets would be unmasked at low ATP concentration. Indeed, we found that the k cat /K m value was significantly larger for 4G-A 15 than for 5G-A 15 with 25 M ATP (Fig. 6F) . The difference was relatively modest, ϳ3-fold, perhaps because binding remains rate-limiting for the shorter G4 but not for the longer one, such that only a fraction of the inherent difference is unmasked.
Discussion
Our results show that DHX36 is highly efficient for disruption of G4s and that it disrupts them using a conventional mechanism characteristic of DEAH-box helicase proteins. DHX36 initially binds to single-stranded segments and then uses ATP binding and hydrolysis to translocate directionally, 3Ј-5Ј, resulting in disruption of an adjacent G4. The basic features of this mechanism are the same as determined for other members of the DEAH-box family (31, 33) . These basic features, including a requirement for translocation, probably reflect the presence in DEAH-box proteins of C-terminal domains that surround nucleic acid substrates and are likely important for translocation (33, (43) (44) (45) , as well as conserved sequence motifs within the helicase core. Although we established this mechanism using principally DNA G4s, analogous RNA constructs were processed by DHX36 with similar rates, indicating that DHX36 likely uses the same mechanism to disrupt DNA and RNA G4s.
Our data additionally lead to a kinetic model for G4 disruption by DHX36. Under standard conditions, disruption of G4s by DHX36 is so efficient that the rate is limited under subsaturating conditions by DHX36 binding to the G4 construct. This binding presumably includes contacts of the helicase core with the single-stranded DNA extension, as shown in Fig. 7 , resulting in an unwinding-competent state. It may also include contacts of the N-terminal domain with the G4. Rate-limiting binding is indicated by the lack of dependence of k cat /K m on G4 length or stability, suggesting that the G4 remains fully formed in the rate-limiting transition state, as well as the K m values being much larger than the corresponding K d values (Figs. 1C  and 6D, Refs. 15, 25, and 27 ). With rate-limiting substrate binding, DHX36 can be described as having achieved a limited definition of "catalytic perfection" for disrupting these G4s, as any further improvements in the rates of first-order steps would not increase the reaction efficiency or the level of specificity (46) . The binding rate constants of ϳ2 ϫ 10 8 M Ϫ1 min Ϫ1 for tetramolecular G4s and ϳ1 ϫ 10 9 M Ϫ1 min Ϫ1 for unimolecular G4s are 2-3 orders of magnitude below the encounter frequency, most likely because of the complexity of accommodating the 3Ј-extension within a crevice of the protein that may be only transiently accessible (45) .
Our model provides a simple explanation for what initially seemed to be a complex and confusing set of sequence preferences in the 3Ј-extension. A-rich extensions are preferred over T-rich sequences for G4 disruption under standard conditions, which we infer arises from more rapid binding of DHX36 to A-rich sequences (Fig. 7, solid curves) . It is possible that the greater ability of adenines to adopt stacked conformations accelerates binding by pre-aligning the A 15 extension in a conformation that is competent for binding. In contrast to the preference for A-rich sequences under standard conditions, if the conditions are altered such that the first-order structure disruption step is slow, here by lowering ATP concentration or by measuring duplex unwinding instead of G4 disruption, the sequence preferences are altered such that A-rich extension sequences are no longer preferred for k cat /K m , and indeed T-rich sequences can be preferred. In the model in Fig. 7 , this change arises because when structure disruption is slow, the rate-limiting step changes from DHX36 binding to structure 
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disruption (dashed curves). Thus, T-rich sequences are preferred because despite their slow binding, they bind much tighter than A-rich sequences (Fig. 6D) , indicating that they dissociate more slowly. Interesting, the MLE helicase has an analogous sequence preference, binding tightly to U-rich ssRNAs (43) . The maximal rate constant for DHX36-mediated disruption of a G4 with a T 15 extension is also lower than that for a G4 with an A 15 extension, as shown in the model in Fig. 7 , perhaps because the initiation of translocation is slower on the strongly interacting T-rich extension.
Several other helicase proteins possess ATP-dependent disruption activity toward DNA G4s, including RecQ, BLM, WRN, FANCJ, and Pif1 (13) . Like DHX36, all of these proteins are thought to bind to ssDNA and translocate directionally during the course of ATP-dependent G4 disruption. For most of these proteins, G4 disruption may simply be a consequence of efficient translocation on ssDNA, an activity that is also used during duplex unwinding. Along with DHX36, two of these helicases are targeted to G4s by binding through a distinct site. BLM, a RecQ family helicase, binds through its HRDC domain (47) , whereas FANCJ binds through a sequence that is related to a key sequence within the N-terminal domain of DHX36 (48) . Despite these similarities, our work now sets DHX36 apart by showing that it disrupts a G4 ϳ1000-fold more efficiently than a duplex of comparable stability. Further work will be required to determine whether the preference of DHX36 for G4 disruption arises solely from specific binding of the N-terminal domain or whether additional features of DHX36 are evolved to tune DHX36 for G4 recognition and disruption.
Our results and model have important implications for the potential recognition and disruption of DNA G4s by DHX36 in vivo. In general, genomic G4s are likely flanked by dsDNA regions, with at most short stretches of ssDNA immediately adjacent to the G4. The relatively poor unwinding of dsDNA by DHX36 suggests a strict requirement for ssDNA immediately adjacent to the G4. Upon binding to such a ssDNA segment, our results most simply suggest that the G4 will be disrupted efficiently by DHX36, presumably rendered irreversible by base pair formation with the complementary strand of DNA. This highly efficient G4 disruption, coupled with the relatively high expression of DHX36, may result in a steady-state level of G4 formation that is less than would be present at equilibrium. Interestingly, such underrepresentation of G4 structures has been observed on a genome-wide basis for mRNAs (49) , which may also be substrates for DHX36, although the origin of this depletion is currently unclear.
In addition, the steady-state levels may depend on important and potentially complex ways on the sequence flanking the G4. For G4s that are readily accessible, we expect A-rich sequences to be more efficiently disrupted, whereas the tighter binding and slower transition from binding to translocation for T-rich sequences may result in preferential co-localization of DHX36, with these G4s remaining intact. On the other hand, in a genomic context in which G4s are stabilized, e.g. by G4-binding proteins, the disruption rate may be slowed such that it becomes rate-limiting. In this setting, G4s with T-rich flanking sequences would become the preferred targets for G4 disruption by DHX36. Further work will be necessary to elucidate these effects in the cellular contexts, but it is reasonable to imagine that properties of DNA G4s beyond their intrinsic stability are important determinants of their relative populations and functional effects, both as regulatory elements and as kinetic traps that inhibit cellular processes.
Experimental procedures
G4 formation
Tetramolecular G4s were formed by adding 0.1 mM of a G4-forming oligonucleotide (Integrated DNA Technologies) to TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) containing 100 mM KCl. The solution was heated to 99°C for 10 min in a thermal cycler, slow cooled to 0°C, and maintained for 10 min. A final annealing step was then performed at 55°C for 16 h. Aliquots of the formed G4 were 5Ј-32 P-end labeled using [␥-32 P]ATP (PerkinElmer Life Sciences) and T4 polynucleotide kinase (New England Biolabs) and purified by 12% native PAGE, eluted into 200 l of 10 mM Tris-Cl, 1 mM EDTA, pH 7.5, and 100 mM KCl and then stored at Ϫ20°C. The radiolabeled G4 was subsequently diluted to a trace concentration in reaction buffer (50 mM Na-MOPS, pH 7.0, containing 100 mM KCl).
A tetramolecular G4 with one 3Ј-extension was formed by combining a trace amount of radiolabeled G4-forming sequence with the 3Ј-extension with a large molar excess (100 M) of an unlabeled G4-forming sequence lacking the extension and thermal cycled as above to form the tetramolecular G4 with one 3Ј A 15 or T 15 nucleotide extension (G4 denoted as 5G-A 15 -3A 3 or 5G-T 15 -3A 3 ). Unimolecular G4s were formed by first 5Ј-32 P-end labeling and PAGE purifying the single-stranded G4-forming sequence as above. The trace radiolabeled G4-forming sequence was diluted into reaction buffer (50 mM Na-MOPS, pH 7.0, 100 mM KCl). The solution was heated to 95°C for 5 min in a thermal cycler, and slow cooled to 0°C to form the G4.
DHX36 protein expression and purification
The cDNA sequence of human DHX36 (GenBank TM reference numbers NM020865 and NP065916) was PCR amplified using Phusion Hot Start Flex DNA polymerase (New England Biolabs) and inserted into pSMT3 vector (a generous gift from Dr. Christopher Lima, MSK Cancer Center) between NotI restriction sites. Primers 5Ј-GTTGTTGGATCC aaa ggc cgc gaa atc ggc atg tgg tac gcg-3Ј (forward) and 5Ј-GTTGTTGCGGC-CGC tca tgt ttt gat caa gtc tat aat agc tga cag tac tgc ac-3Ј (reverse) were used in PCR to add the restriction sites (underlined).
Human DHX36(54 -985) was expressed as His 6 -SUMO fusion proteins in BL21-CodonPlus (DE3)-RIPL cells. The cells were lysed by sonication and nonspecific nucleic acid contaminants were removed by 0.1% polyethyleneimine precipitation. The soluble protein was purified through immobilized metal affinity chromatography followed by Ulp1 protease digestion to remove the SUMO tag, and a second immobilized metal affinity chromatography step. Some preparations were further purified through ion-exchange and size-exclusion chromatography. These latter two steps did not significantly affect the level of activity. Purified DHX36 (Ͼ80% pure) was stored in 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 50% glycerol, and 1 mM DTT at Ϫ80°C. A summary gel is shown in Fig. S12 .
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DNA G4 disruption
For all experiments monitoring G4 disruption, trace radiolabeled G4 was used (ϳ25 pM). For steady-state experiments, the radiolabeled G4 was mixed with various concentrations of unlabeled G4 that was prepared in the same manner but without the labeling step. Reactions were initiated by adding DHX36 to a solution containing the preformed G4 in 50 mM Na-MOPS, pH 7.0, 100 mM KCl, and 2 mM ATP-Mg 2ϩ at 37°C. For experiments in which the ATP concentration was varied, the Mg 2ϩ concentration was varied correspondingly. Experiments measuring binding of G4 constructs by inhibition were performed identically except that various concentrations of unlabeled inhibitor G4 were added to the reaction prior to DHX36. Pulse-chase experiments were performed by preincubating trace-labeled G4 with 10 nM DHX36 (7 min) in the absence of ATP. ATP was then added with a large molar excess of unlabeled G4 to trap dissociated DHX36. At various time points, reaction aliquots were quenched in gel loading dye containing 1.5 mg/ml of proteinase K (AMRESCO) and 1% SDS and electrophoresed on a 12% native gel at 4°C. Gels were dried, exposed on a phosphorimager screen overnight, and scanned using a Typhoon FLA 9500 (GE Healthcare). Data were quantified using ImageQuant 5.2 (GE Healthcare) and analyzed using Igor Pro 6.3.
Equilibrium binding of DHX36 to G4s
Experiments were performed by incubating 10 pM 32 P-labeled G4 substrate with varying concentrations of DHX36 at 37°C for 30 min in the reaction buffer under standard conditions (50 mM Na-MOPS, pH 7.0, containing 100 mM KCl and supplemented with 2 mM ADP-BeF x -Mg 2ϩ ). Following incubation, bound and free G4s were separated by 12% native PAGE as above.
UV thermal melting experiments
G4 stability was probed using a Varian Cary UV-visible spectrophotometer (Agilent Technologies) with a Peltier temperature control system. Preformed G4s were diluted to 2 M in the standard reaction buffer in a 1-cm quartz cuvette. Thermal denaturation was achieved by increasing the temperature at 0.5°C/min from 25 to 100°C while monitoring absorbance at 240 nm.
DNA duplex unwinding
For duplex unwinding experiments, complementary oligonucleotides were designed such that one strand included a 3Ј-poly(A) or -poly(T) extension. The short strands lacking the extension were 32 P-labeled as described above. Duplexes were formed by adding a trace amount of the labeled short strand to 100 nM of the complementary strand with the 3Ј-extension. The labeled duplex was then added to the reaction buffer under standard conditions (50 mM Na-MOPS, pH 7.0, containing 100 mM KCl and 2 mM ATP-Mg 2ϩ ) followed by addition of 1 M of the unlabeled short strand as a chase and then addition of DHX36 to initiate the unwinding reaction at 37°C. Aliquots were quenched at various times in gel loading dye solution containing 1.5 mg/ml of Proteinase K and 1% SDS and processed as above by 12% native PAGE.
